Keloids are benign hyper-proliferative growths of fibrous tissue, where increased fibroblast activity results in abnormal collagen deposition. Excessive inflammation is a characteristic feature of keloids but little is known about the underlying ultrastructural features of keloids related to collagen processing, fibril and fibre formation, the interaction between fibroblasts and associated collagen fibres and mast cells. In this study, the ultrastructure of the dermis of keloid patients was evaluated using light and transmission electron microscopy techniques. Abnormal intracellular premature collagen fibril formation was observed. Phagocytosis of collagen fibrils by mast cells was a common ultrastructural feature of keloid tissue as was a close or direct 2 association between fibroblasts and mast cells. Based on these findings and recent advances in knowledge related to collagen synthesis, fibril formation and processing we hypothesise that keloid formation is primary due to abnormal collagen synthesis where the consequent accumulation of collagen fibres causes increased mast cell recruitment and collagen phagocytosis. Subsequent release of mast cell derived mediators then promotes further collagen synthesis. The observation of early formation in keloid tissue of premature insoluble collagen fibrils supports previous studies that enzymes such as procollagen C-proteinase are important early therapeutic targets.
Introduction
Keloids are benign hyper-proliferative growths of fibrous tissue that may develop spontaneously or as a result of an abnormal healing after cutaneous injury. Keloids do not regress on their own, and often continue to grow beyond the original wound margins and the removal thereof often results in reoccurrence and difficulty in treatment [1] [2] [3] . The areas of the body most commonly associated with keloids include the chest, shoulders, upper back, back of the neck and earlobes [4] . Increase prevalence has been reported in African and Asian populations [5] while genetic factors, puberty, gender and pregnancy is associated with an increased probability of keloid formation [1, 6, 7] . Currently, there is no single effective treatment for keloids [1, 8] and the identification of new therapeutic targets is an important focus of research.
Histologically, keloids are characterised by the presence of inflammatory cells such as mast cells and macrophages with a greatly expanded dermis being occupied by collagen fibers and fibroblasts [9] . Mast cells are present in the dermal and subcutaneous tissue layers of the skin and are an important cellular component of the innate immune system. Through a process of 3 phagocytosis and reactive oxygen species production accompanied with degranulation, mast cells protect tissue against pathogens.
Increased numbers of dermal mast cells are seen in systemic fibrosis and other fibrotic disorders such as chronic graft vs. host disease and lung fibrosis [10] [11] [12] . Due to the presence and increased serum IgE associated with keloids, keloid formation may likely be associated with mast cell hypersensitivity. Also, patients with allergy symptoms were seen to have a greater number of keloids than patients without allergy, possibly linking keloids to mast cell activity [13, 14] .
Also, in a recent study by Bakry and co-workers the authors investigated the possible role of hematopoietic stem cells in keloid pathogenesis by detecting these cells in keloid tissue by using immunohistochemistry. The authors used CD34 and c-KIT, antibodies specific for hematopoietic stem cell markers and found an up regulation of these markers in keloid tissue compared with controls, indicating a possible role of hematopoietic stem cells in the formation of keloids [15] .
Another important cell type involved in keloid formation is the dermal fibroblast which is responsible for collagen production. Collagen synthesis and fibrogenesis is a complex process with distinctive intra-and extracellular phases. In keloids overproduction of collagen only occurs at the wound site whereas systemic sclerosis is associated with the progressive thickening and fibrosis of the skin. In this disorder it was observed that mast cells directly activate fibroblasts via gap junctions resulting in increased collagen production [16] . Mast cells release several growth factors such as transforming growth factor (TGF)-β, fibroblast growth factor (FGF), cytokines as well as other factors such as angiogenesis factor and mitotic polypeptide that 4 stimulate collagen formation by dermal fibroblasts resulting in the development of dermal fibrosis [17] [18] [19] .
Likewise after injury, mast cell infiltration is believed to promote keloid development through the stimulation of fibroblast activity. Mast cells and fibroblast may interact via gap junctions and release cytokines. It has been suggested that this interaction may cause fibroblasts to over produce collagen in the connective tissue of the skin [16, 20] .
Excessive inflammation and overproduction of collagen by fibroblasts is an accepted feature of keloids but information related to the underlying ultrastructural features of keloids related to collagen processing, fibril and fibre formation, the interaction between fibroblasts and associated collagen fibres and mast cells is limited. Using light and transmission electron microscopy techniques this study endeavours to provide more detailed information regarding these processes and cellular interactions in keloid tissue.
Materials and Methods
Keloid and normal (excess skin from skin transplantation) skin samples were obtained from a plastic surgeon at Steve Biko Academic Hostpital in Pretoria, South Africa. Ethical approval for the collection of skin was obtained from the research ethics comittee at the University of Pretoria (protocol number 336/2014). Three control and eight keloid samples were used.
Light Microscopy (LM)
Normal and keloid skin samples were fixed in 4% formaldehyde and dehydrated in a series of increasing ethanol concentrations, followed by infiltration and embedding in paraffin wax.
Sections of 3-5µm were prepared and stained with Picrosirius Red and viewed with polarised light to differentiate between collagen fibre types [21, 22] .
Transmission Electron Microscopy (TEM)
The skin samples were fixed in 2.5% glutaraldehyde/formaldehyde in 0.075M sodium phosphate buffer (pH=7.4), rinsed three times in the same buffer before it was placed in the secondary fixative, 1% osmium tetroxide solution for one hour. Following secondary fixation, the samples were rinsed again as described above. The samples were then dehydrated in 30%, 50%, 70%, 90% and three changes of 100% ethanol and were embedded in resin. Ultra-thin sections (70-100nm) were cut with a diamond knife using an ultramicrotome. Samples were then contrasted with uranyl acetate and lead citrate, after which it was examined with a JEOL transmission electron microscope (TEM) (JEM 2100F).
Results
To investigate the underlying ultrastructural features of keloids related to collagen processing, fibril and fibre formation, the interaction between fibroblasts and associated collagen fibres and mast cells the general characteristics of collagen fibre arrangement in normal and keloid tissue was determined. The ultrastructure of keloid tissue was then further evaluated using TEM. Firstly, the general morphology and arrangement of fibres in keloid tissue was evaluated. Fibroblasts presenting with collagen in the cytoplasm also had extremely well developed rough endoplasmic reticulum (RER) with large numbers of ribosomes (Fig. 3b, black arrow) . This morphology is indicative of fibroblast activation and increased protein synthesis. Vesicles containing collagen are evident at a higher magnification in close proximity to Golgi apparatus (Fig. 3b , white arrow). These stages can be identified by the thickness of the collagen fibrils (white arrows in Figure 4b and d) and the extent of collagen fibril aggregation (Fig. 4 c and d) . Figure 4d also clearly shows the fusion of vesicles containing collagen fibrils (white arrow) and the release of collagen fibre to the ECM (black arrow).
In Figures 5 (a-f) , the association of mast cells with fibroblasts are shown. In Figure 5 (a and b) a mast cell (M) is in close proximity to a fibroblast (F) within a region of densely arranged and packed collagen fibers. In Figure 5 
Discussion
Type I collagen is found in fibrous supporting tissue, the dermis of the skin, tendons, ligaments and bone. It may be arranged loosely or densely depending on the mechanical support required by the tissue [6] . Type III collagen is found in the reticulum, and is present in highly cellular tissue such as the liver, bone marrow and lymphoid organs [6] . Normal adult skin contains about 80% type I and 20% type III collagen.
In this study, light microscopy with PR staining revealed the typical over deposition of type I collagen which is a characteristic feature of keloid tissue (Fig. 1 d-f ) as has been described by Shaker et al., 2011 [23] . TEM analysis revealed closely packed fibrils within densely arranged large fibres within the ECM. In contrast, in normal skin the fibrils are more loosely arranged and fibrillar (Fig. 2a, b) . The presence of fully formed collagen fibrils and fibre aggregates in fibroblasts demonstrates premature fibril formation and subsequent processing. To our knowledge this is the first study that has observed this phenomenon in keloids and the intracellular presence of insoluble collagen fibrils identified by TEM has only been described for chick embryo tendon formation [24] .
Normal collagen synthesis has an intracellular and an extracellular component as shown in Figure 7 . Intracellularly collagen mRNA is synthesised in the nucleus, and transported to the RER [25] where the collagen is produced. Early post-translational modification includes hydroxylation and glycosylation. The presence of the non-helical domains associated with each collagen, the propeptide domains at the C-and N-terminals [26] play an important role in the collagen triple helical formation [27] (Fig. 7, Step 1) . The C-propeptide determines chain selection and direct chain association during intracellular assembly of the procollagen molecules [28] . The presence of these propeptide sequences ensures that the large procollagen molecule remains soluble. In the Golgi apparatus the procollagen undergoes further post translational modifications which involve further glycosylation steps (Fig. 7, Step 2). The soluble pro-collagen is then transported via transport vesicles to the cell surface where it is then secreted into the extracellular space [25] (Fig. 7, Step 3). Following or during secretion into the ECM (Fig.7, Step 4) , processing and associated proteolytic removal of the N-and C-collagen propeptides occurs, catalysed by specific N-and C-proteinases (PCP) [29] . The C-terminal ensures the intracellular solubility while the Npropeptide influences the shape and diameter of the fibril [30] . Once these sequences are removed collagen becomes insoluble and fibrogenesis occurs [29] .
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The insoluble collagen which then assembles into fibrils (Fig. 7, Step 5) , that are structurally stabilised by cross links (Fig. 7, Step 6) [26, 31] are catalysed by lysyl oxidase (LOX). Besides 14 stabilisation of the collagen structure, the intra-and intermolecular links increase the tensile strength of the final collagen fibre. It is believed that these peptides then re-enter the cell and regulate collagen production by a feedback mechanism [26] .
The presence of insoluble collagen fibrils within the Golgi apparatus and secretory vesicles (Fig.3 and 4) implies collagen processing in keloid fibroblast is defective and this may be related to increased PCP activity which results in premature collagen fibril formation. As mentioned previously the C-terminal propeptide sequence ensures the solubility of intracellular collagen.
Normally this sequence is only removed once the procollagen is secreted into the ECM ( Fig. 7; Step 6). Premature or early removal of this sequence would result in decreased solubility and rapid crosslink formation by LOX. PCP also processes LOX to its active form, therefore as a consequence increased levels of PCP also results in increased LOX levels and as a consequence rapid fibril formation. Broder et al. (2013) have identified that metalloproteases α-and β-meprin are C-and N-procollagen proteinases [32] . Both meprins are expressed by human dermal fibroblasts and remove the C-and N-propeptides from collagen type I and III.
Expression of α-and β-meprin is increased in keloids [32] . [32, 33] . The cause of increased levels of PCP and subsequently of LOX is unknown although increased LOX levels are associated with hypoxia and the expression of hypoxia-inducible factor-1α, an important microenvironment factor in the development of fibrosis. A shown in Fig 2b and Figure 5 , fibroblasts due to overcrowding by collagen fibers, can be assumed to be in a hypoxic environment which would result in increased LOX levels possibly as a result of increased PCP.
In wound healing and fibrosis-associated conditions the number and the distribution of mast cells is increased. Various authors reported the increased presence of mast cells in keloid tissue [13, 18, 19, [34] [35] [36] [37] [38] . In this study, TEM analysis revealed the presence of mast cells in close 15 proximity to fibroblasts (Fig. 5 a and b) which could indicate stimulation of fibroblasts via cytokines [19] and growth factors such as basic fibroblast growth factor (bFGF), TGF-β [18, 39] .
TGF-β also stimulates the production LOX. The presence of vacuoles and intact cell granules in a mast cell is characteristic of normal and non-active mast cells. Degranulation as seen in Fig 6   (lighter stained granules) is indicative of mast cell activity and a release of histamine, heparin and other factors [40] .
Direct contact between fibroblasts and mast cells through gap junctions is also a possible means of association [16] . Moyer et al. (2004) identified the presence of gap junction intercellular communication between mast cells and fibroblasts and that this interaction only occurred in vitro when these cells were cultured in a three dimensional environment [20] . Cellto-cell or direct contact between mast cells and fibroblasts in vivo was observed during TEM analysis (Fig. 5 c-f) . Associations of mast cells with fibroblasts have previously been identified as an important feature of fibrotic conditions such as systemic sclerosis, chronic graft vs. host disease and lung fibrosis characterised by an overproduction of collagen by fibroblasts [12, 41, 42] . In pulmonary fibrosis mast cells were observed in partial degranulation and in close proximity to lung fibroblasts [43, 44] . A study on systemic sclerosis [16] , cell-to-cell contact between mast cells and fibroblasts was observed but the authors were unable to determine whether the contact was a characteristic specific to systemic sclerosis or due to mast cell activation. In this study cell-to-cell contact between fibroblasts and mast cells was also (2014) has shown that genetic ablation of connective tissue type mast cells fails to prevent bleomycin induced lung fibrosis [45] . Keloid fibroblasts have been isolated from keloid tissue and grown in cell culture; compared to normal cells keloid fibroblasts have shown differences in growth properties and gene expression [46, 47] . Furthermore epigenetic changes have been implicated in the development of fibrosis in keloids [48] . Recently Mastri et al. (2013) have identified Frizzled-related protein 2 (sFRP2) as an important mediator of fibrosis, as this protein enhances procollagen C proteinase activity and this leads to increased procollagen processing and deposition in cardiac fibrosis [49] . Similarly sFRP2 could also have a similar role in keloid formation and this protein may, as for other types of fibrosis, be a specific target of therapeutic intervention [49] . Smith et al. 2008 have reported that keloid fibroblasts growth in cell culture has more than a fivefold reduction in the expression of sFRP2 [47] . This however, may be due to differences between an in vitro and an in vivo environment where in vivo environmental and cellular factors such as hypoxia and interactions with other cell types may alter gene expression.
Phagocytosis of collagen fibrils by mast cells (Fig. 6 ) may indicate that mast cells in keloid tissue play an important role in maintaining tissue homeostasis and turnover. The presence of collagen fibres in mast cells of keloids has also been reported by Ehrlich et al. (1994) and these authors hypothesised that this was related to an immunological dysfunction [35] . In contrast we believe, supported by recent scientific literature [32, 33, 50] , that keloid formation is primary due to a defect in collagen synthesis and increased mast cell accumulation is a consequence of collagen overproduction or content in the dermis. As a consequence, in an endeavour to reduce the amount of collagen by phagocytosis, growth factors and mediators are released that further stimulate fibroblasts to produce more collagen.
Conclusion
In conclusion this study clearly identifies keloid formation as a defect of procollagen synthesis and processing. Phagocytosis of collagen by mast cells indicates that accumulation of these cells may be a secondary effect to excessive collagen synthesis. In addition, the release of interleukins, mediators and growth factors may further stimulate collagen fibril formation with the imbalance towards increased synthesis. This study also identifies and confirms the findings of other studies that procollagen C-proteinase is an important therapeutic target [32, 33] .
